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TOWARDS THE “NEW PHYSICS”
How new physics can show up:

➡ The “Einstein way” - High energy - E=mc2

• No need to throw dice 

➡ The “Heisenberg way” - High intensity - Δp×Δx≥h

• Need to throw lots of dice

Something BSM found in the next decade

➡ An excess in a distribution does not make a new theory

• Unless is a wrong calibration constant

➡ You need more than one measurement to understand what we have

• SM was not built on one measurement

• Muon is a good candidate for the “lots of dice” game
2
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MUONS

 Aside from lots of theoretical arguments, study of the 
second generation of charged leptons

Ultimately answer the question: Who Ordered that?

3

 I will concentrate on the muon

➡  Most experiments require stop muons

• Low energy (KE<50MeV) to medium 
energy (~3GeV)

• Lots of them - intensity frontier
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Neutrino masses in split supersymmetry
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(Received 1 March 2007; published 15 January 2009)

We investigate the possibility of generating neutrino masses in the context of split supersymmetric

scenarios where all sfermions are very heavy. All relevant contributions coming from the R-parity

violating terms to the neutrino mass matrix up to one-loop level are computed showing the importance of

the Higgs bosons one-loop corrections. We conclude that it is not possible to generate all neutrino masses
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Leptogenic supersymmetry

Andrea De Simone,1 JiJi Fan,2 Veronica Sanz,3,* and Witold Skiba2

1Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
2Department of Physics, Sloane Laboratory, Yale University, New Haven, Connecticut 06520, USA

3Physics Department, Boston University, 590 Commonwealth Ave, Boston, Massachusetts 02215, USA
(Received 24 April 2009; published 12 August 2009)

Leptogenic supersymmetry is a scenario characterized by cascade decays with copious lepton

production. Leptogenic models have striking signatures that can be probed by the LHC even in the

10 TeV run with as little as 200 pb!1 of data, provided the squark masses are about 1 TeV. Leptogenic

supersymmetry spectrum arises in several well-motivated models and its signatures are long-lived

PHYSICAL REVIEW D 80, 035010 (2009)
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Gauge mediation in F-theory GUT models

Joseph Marsano,* Natalia Saulina, †and Sakura Schäfer-Nameki

California Institute of Technology, 1200 E. California Blvd., Pasadena, California 91125, USA

(Received 30 September 2008; revised manuscript received 24 July 2009; published 19 August 2009)

We study a simple framework for gauge-mediated supersymmetry breaking in local grand unified

theory (GUT) models based on F-theory 7-branes and demonstrate that a mechanism for solving both the

!
and !=B

! problems emerges in a natural way. In particular, a straightforward coupling of the

messengers to the Higgs sector leads to a geometry which not only provides us with an approximate

Uð1ÞPQ symmetry that forbids the generation of !
at the GUT scale, it also forces the SUSY-breaking

spurion field to carry a nontrivial Peccei-Quinn (PQ) charge. This connects the breaking of supersymmetry

(SUSY) to the generation of !
so that the same scale enters both. Moreover, the messenger sector

naturally realizes the D3-instanton triggered SUSY-breaking model of [J. Heckman, J. Marsano, N.

Saulina, S. Schafer-Nameki, and C. Vafa, arXiv:0808.1286.] so this scale is exponentially suppressed

relative to M
GUT . The effective action at low scales is in fact precisely of the form

of the ‘‘sweet spot

supersymmetry’’ scenario studied by Ibe and Kitano in [M. Ibe and R. Kitano, J. High Energy Phys. 08

(2007) 016.].DOI: 10.1103/PhysRevD.80.046006

PACS numbers: 11.25.Mj, 12.60.Jv, 12.10.Dm

I. INTRODUCTION

Because of the large separation between the Planck and

electroweak scales, producing realistic models of particle

physics from
string compactifications has proven to be a

daunting challenge. This task can be somewhat simplified,

however, by noting that if one introduces gauge degrees of

-branes, the particles that are observed at

accelerators are inextricably bound to the branes and

hence, at sufficiently low
energies, do not probe the full

compactified geometry. This has led several groups to

advocate a bottom-up approach to model building in string

theory, where one studies local geometries which capture

only the structure relevant for particle physics [

also [7–9] for related work in this direction. As described

by Beasley, Heckman, and Vafa (BHV) in [

successfully engineer a wide variety of supersymmetric

PHYSICAL REVIEW
D 80, 046006 (2009)
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Equivalence principle implications of modified gravity models

Lam
Hui*

and Alberto Nicolis †

Institute for Strings, Cosmology, and Astroparticle Physics (ISCAP), Department of Physics, Columbia University,

New
York, New

York 10027, USA

Christopher W
. Stubbs ‡

Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA

(Received 20 M
ay 2009; published 5 November 2009)

Theories that attempt to explain the observed cosmic acceleration by modifying general relativity all

introduce a new
scalar degree of freedom

that is active on large scales, but is screened on small scales to

match experiments. W
e demonstrate that if such screening occurs via the chameleon mechanism, such as

in fðRÞ theory, it is possible to have order unity violation of the equivalence principle, despite the absence

of explicit violation in the microscopic action. Namely, extended objects such as galaxies or constituents

thereof do not all fall at the same rate. The chameleon mechanism
can screen the scalar charge for large

objects but not for small ones (large/small is defined
by

the depth
of the gravitational potential and is

controlled by the scalar coupling). This leads to order one fluctuations in the ratio of the inertial mass to

gravitational mass. W
e provide derivations in both Einstein and Jordan frames. In Jordan frame, it is no

longer true that all objects move on geodesics; only unscreened ones, such as test particles, do. In contrast,

if the scalar screening
occurs via strong

coupling, such
as in

the Dvali-Gabadadze-Porrati braneworld

model, equivalence principle violation occurs at a much reduced level. W
e propose several observational

tests of the chameleon mechanism: 1. small galaxies should accelerate faster than large galaxies, even in

environments where dynamical friction
is negligible; 2. voids defined

by
small galaxies would

appear

larger compared to standard expectations; 3. stars and diffuse gas in small galaxies should have different

velocities, even if they are on the same orbits; 4. lensing and dynamical mass estimates should agree for

large galaxies but disagree for small ones. W
e discuss possible pitfalls in some of these tests. The cleanest

is the third one where the mass estimate from
HI rotational velocity could exceed that from

stars by 30%

or more. To avoid blanket screening of all objects, the most promising place to look is in voids.

10.1103/PhysRevD.80.104002

The surprising finding of cosmic acceleration about ten

years ago has motivated a number of attempts to modify

general relativity (GR) on large scales. They fall roughly

into two classes. One involves adding curvature invariants

to the Einstein-Hilbert action, the most popular example of

PHYSICAL
REVIEW

D
80, 104002 (2009)

Classical solutions for the Lorentz-violating and CPT-even term of the standard model extension

Rodolfo Casana,1 Manoel M. Ferreira Jr,1 and Carlos E. H. Santos2

1Departamento de Fı́sica, Universidade Federal do Maranhão (UFMA), Campus Universitário do Bacanga,
São Luı́s-MA, 65085-580, Brasil

2Departamento de Fı́sica, Universidade Federal da Paraı́ba (UFPB), Caixa Postal 5008, João Pessoa-PB, 58051-970, Brasil
(Received 15 October 2008; published 13 November 2008)

In this work, we calculate the classical solutions for the electrodynamics stemming from the Lorentz-

violating (LV) and CPT-even term of the standard model extension. Static and stationary solutions for

pointlike and extended charges are obtained from the wave equations by means of the Green method. A

PHYSICAL REVIEW D 78, 105014 (2008)

search for rare and forbidden processes

➡ μ→eγ, μ→eee, μN→eN

➡ M-Mbar

➡ μ edm

precise determination of the muon properties

➡ mass, magnetic moment, magnetic anomaly, charge and 
lifetime

CPT tests - compare μ+ and μ- properties

Equivalence principle tests with fundamental particles (μ)

➡ free fall of the muons

muon decay parameters (Michel) 

precise determination of nuclear properties in muonic atoms

μCF

applications in condensed matter, life sciences, etc.

PHYSICS TOPICS
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EXPERIMENTS
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MUON TO E CONVERSION
Charged lepton flavor changing currents

➡μ-+(A,Z)→e-+(A,Z)

➡Strongly suppressed in SM

➡New physics can contribute

Everything else oscillates!

Current best SINDRUMII:

➡R<4.3x10-12(Ti) R<7x10-13(Au)

➡Background limited (?)

mu2e Phase I goal of R<6x10-17(Al)
6
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MU2E
Experimental principle

➡ Pulsed beam start measurement after initial burst

mu2e Phase II 

➡ depends on what Phase I finds

• positive - check with more stats and different target

• negative - push to two more order of magnitude 

Issues to be investigated:

➡ extinction

➡ backgrounds

Other efforts: PRIME at PRISM

➡ 10-20 pion survival rate

➡ 3% momentum spread - reduce DIO

7

Mu2e Proposal

Figure 1.4: µ → e conversion rate for different nuclei, normalized to that for µ → e
conversion in aluminum. The different curves represent the contribution of different types
of higher dimensional operators. See Ref. [27] for details.

the rate for µ → e-conversion in different nuclei, since different nuclei are sensitive
to new physics in distinct ways, as depicted in Fig. 1.4 [27]. This flexibility is not
shared by µ → eγ (where one can only hope to measure, in principle, the final state
photon or electron polarizations [28]). In the case of a positive signal in µ → eee,
some detailed information regarding the underlying physics can also be obtained by
analyzing in detail the kinematics of the three final state leptons. See, for example
[29–31].

1.2.2 CLFV and new physics at the TeV scale

By the end of 2009, we expect the LHC experiments to start accumulating data that
will reveal the mechanism of electroweak symmetry breaking and explore the physics
of the TeV scale. Several theoretically motivated scenarios predict the existence of
new degrees of freedom with masses at or below 1 TeV and, if this is the case, one
expects some of these new states to be discovered at the LHC.

New degrees of freedom at the TeV scale are expected to mediate CLFV processes.
Expectations are model-dependent, but detailed computations in specific models lead
to CLFV rates very close to current experimental bounds, as will be discussed in more
detail shortly. We first conservatively assume that the new physics will predominantly
induce flavor-violating magnetic-moment type effective interactions at the one-loop
level. A concrete example is depicted in Fig. 1.5.

In this case, CLFV is given by Eq. (1.5) (potentially augmented by similar oper-

8
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g-2
compare with theoretical calculations

➡ any deviation - new physics through loops

precision measurement of aμ constrains tanβ and 
determine sign(μ)

BNL ’04 0.54ppm

➡ theory 0.42 ppm

➡ Δaμ(exp.-theory) = (255±80)×10-11 (3.2σ)

current proposal down to 0.14ppm

8
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g-2

9

Experimental principle:

➡ 3.1 GeV  “magic momentum”

repeat the experiment with μ-

➡π- xsection reduced by a factor of 3 (@ 8GeV proton beam)

narrow select μ+ beam - reduced exp. uncert.

other techniques based on muonium source

➡ laser ionize muonium ➠ Δp/p<10-5

➡ low energy pulsed muon beam required

! !

!
!!!!!"#$!%$&'()!*$($+,-.'(!&,(!/$!0+'/$)!1.-#!23'(!456!2$,%3+$2$(-%!-#,-!-'!),-$!#,7$!
/$$(!0$+8'+2$)!0,+,%.-.&,99:!.(!23'(!*;<!$=0$+.2$(-%!>6?<@A>6?@BA?!C(!2')$+(!23'(!*;
<! $=0$+.2$(-%D! +$9,-.7.%-.&D! 0'9,+.E$)!23'(%! &.+&39,-$! .(! ,! %-'+,*$! +.(*!1.-#! ,! 3(.8'+2!
7$+-.&,9!2,*($-.&!8.$9)?!!C(!-#$!23'(!+$%-!8+,2$D!-#$!23'(!%$$%!,!9,+*$!2'-.'(,9!$9$&-+.&!
8.$9)! .(! -#$!#'+.E'(-,9!09,($?! !F!0$+2,($(-!456!1'39)!8$$9!,! -'+G3$!8+'2!-#.%!$9$&-+.&!
8.$9)!1#.&#!1'39)!-.9-!-#$!0+$&$%%!9$,).(*!-'!,(!30;)'1(!,%:22$-+:!.(!-#$!89.*#-!).+$&-.'(!
'8!-#$!23'(H%!0'%.-+'(!),3*#-$+%?!!I$&$(-9:D!-#$!J+''K#,7$(!*;<!$=0$+.2$(-!#,%!3%$)!-#.%!

-$&#(.G3$!-'!9.2.-!-#$!23'(!456!-'!9$%%!-#,(!) !L!M?N!=!MB;MN!$;&2!,-!-#$!NOP!QR!,()!
-#$! ($1! *;<! $=0$+.2$(-! ,-! S$+2.9,/! 09,(%! -'! 03%#! -#.%! )'1(! ,('-#$+! -1'! '+)$+%! '8!
2,*(.-3)$!>6?<OA?!
!
!!!!!T($! &,(! *$-! ,(! .)$,! '8! -#$! .(-$+$%-.(*! +$*.'(%! '8! ,!23'(! 456! 9.2.-! 8+'2! -#$! *;<!

,('2,9'3%! 2,*($-.&! 2'2$(-! 2$,%3+$2$(-! , ?! ! "#$! , ! 2$,%3+$2$(-! ).88$+%! 8'+2!
$=0$&-,-.'(!/:!,00+'=.2,-$9:!@!=!MB;N?!!C8!-#.%!).88$+$(&$!.%!)3$!-'!,!($1!'0$+,-'+D!TUV!1$!

&'39)!0,+,2$-$+.E$!.-%!$88$&-%!'(!, !,%!I$WTX&'% !,()!.-%!$88$&-%!'(!,(!456!,%!C2WTX%.( !

1#$+$! .%! ,! QV! 7.'9,-.(*! 0#,%$?! ! "#$! &'++$%0'().(*! 456! .%! -#$(! +$9,-$)! -'! -#$! ($1!

0#:%.&%!&'(-+./3-.'(!-'!, !/:!
!

-,(
MB@

MB@
N

<<

NP
NP a
d !

!
.(! 3(.-%! '8! $;&2! >6?@MA?! ! S+'2! -#.%!1$! %$$! -#,-! .-! .%! &9$,+9:! )$%.+,/9$! -'! #,7$! ,!23'(!
456!$=0$+.2$(-!-#,-!&,(!0+'/$!8'+!,(!456!1$99!/$9'1!-#$!MB;<<!9$7$9?!!F!&'(&$0-!8'+!,(!
$=0$+.2$(-!-'!0+'/$!-#$!23'(!456!,-!-#$!MB;<Y!#,%!/$$(!03-!-'*$-#$+!/:!,!&'99,/'+,-.'(!
9,+*$9:!'7$+9,00.(*!1.-#!-#$!J+''K#,7$(!,()!S$+2.9,/!*;<!&'99,/'+,-.'(%!>6?@<A?!!!
!
!!!!!Z.(&$! -#$!456!2$,%3+$2$(-%! ,+$! 0$+8'+2$)!0,+,%.-.&,99:! -'! -#$! *;<!2$,%3+$2$(-%D!
-#$:! ,+$! 8,+! 8+'2! '0-.2.E$)?! ! C(! 0,+-.&39,+D! -#$! 2,*($-.&! %0.(! 0+$&$%%.'(! #,%! -1'!
)$-+.2$(-,9!$88$&-%!'(!-#$!456!2$,%3+$2$(-?!!S.+%-D!-#$!456!$88$&-!.%!2,=.2.E$)!1#$(!
-#$!%0.(!.%!,9.*($)!1.-#!-#$!$9$&-+.&!8.$9)D!('-!-#$!2,*($-.&!8.$9)!,%!.%!-#$!&,%$!8'+!-#$!*;<!
$=0$+.2$(-%?!!Z$&'()9:D!-#$!9,+*$!2,*($-.&!%0.(!0+$&$%%.'(!2'-.'(!&,(!$,%.9:!&'309$!.(-'!
-#$!456!2$,%3+$2$(-!/:!&,3%.(*!,00,+$(-!30!)'1(!,%:22$-+.$%!,()! 9$,).(*! -'!'-#$+!
%:%-$2,-.&!$88$&-%?!!"#$%$!$88$&-%!&,(!/$!+$2'7$)!/:!$88$&-.7$9:!-3+(.(*!'88!-#$!2,*($-.&!
0+$&$%%.'(!8+$G3$(&:?!
!
"#$!2,*($-.&!0+$&$%%.'(!8+$G3$(&:!.%!*.7$(!/:!
!

c
EaBa

m
e

a
M

M
<

!

!

!!!!!"#$!1$99!K('1(!-+.&K!'8!-#$!*;<!$=0$+.2$(-%!.%!-'!+3(!1.-#!@?M![$\!23'(%!W !]!<N?@!

8'+!, !^! -'!'+)$+ !1#.&#!&,3%$%!-#$!%$&'()!-$+2!-'!)+'0!'3-!'8! ,?!!_'1$7$+D!1.-#!
-#$!,00+'0+.,-$!2'2$(-32!&#'.&$!,()!-#$!.(-+')3&-.'(!'8!+,).,9!$9$&-+.&!8.$9)%D!-#$!$(-.+$!

! <@!

0

Methods of LE-muon generation

 1) Cold Moderator Method (@PSI)

• ideal for continuous muon source

• layer of solid rare gas as a moderator

• conversion efficiency up to 10-5 

• 92 % Polarization
• 10-100eV Kinetic Energy
• DC, Requiring a start trigger (->5 ns resolution)
• Time structure determined by initial muon beam

2) Laser Resonant Ionization of Muonium (@RIKEN-
RAL)

• ideal for pulsed muon source 
• 1% efficiency of conversion to thermal muonium i.e. 
potentially much higher conversion efficiency to LE-
muons
•  50 % Polarization reduction
• potentially 0.2eV Monochromatic beam 
• Time structure determined by laser pulse
 (~10 ns) synchronized with pulsed muon beam
• external trigger allows synchronisation 
 with sample excitation

Ar, N2, Kr 

4 MeV

4 MeV

50 eV

0.2 eV
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MUON EDM
Violates both P and T symmetries

➡ assume CPT holds -> CP violation

➡ Help understand the baryon asymmetry of the Universe

EDM explores the CP violating phases of the lepton 
mixing matrix (CKM, MNS, XYZ)

Usually done with neutral probes (neutrons and atoms)

Searches with charged particles possible with storage rings 
utilizing the relativistic vxB electric field
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MUON EDM
Experimental principle:

➡ Longitudinally polarized muons in storage rings - g-2 precession

➡ The (g-2) precession can be cancelled by applying a radial electric field to freeze the spin

• Lower momentum than for g-2

➡ An EDM would cause a precession around the strong vxB electric field 

• Up-down asymmetry growing with time
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Proposal at JPARC
Aoki et al [2003]
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M-MBAR OSCILLATIONS
M=μ+e-

➡ΔL=2 process

Analogous in lepton sector to the K0-K0 

and B0-B0 oscillations

MACS experiment at PSI

➡26 MeV/c μ+ at 8x106 μ+/s

➡5.6x1010 M in 6 mo.

➡GM-Mbar < 3.0x10-3 GF  (90%CL)
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M-MBAR OSCILLATIONS
Experimental principle

➡ Muonium formation in silicate powder (ε=60%)

➡ 5% thermally emerge into surrounding vacuum

➡ Conversion signature

• Michel electron from μ-→e-νν

• atomic e+ (13.5MeV)

➡ Backgrounds - μ+ decays

• Bhabha scattering of e+

• μ+→e+e+e-νν
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P(M)=sin2 [const × (GMM/GF)×t]×exp[-λ×t]
Background≈exp(-n λ×t) ; n-fold coincidence detection

For GMM << GF   M gains over Background
P(M)/Background = t2 × exp[+(n-1)×λ×t]

Pulsed beam
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MUONIUM PHYSICS

M=μ+e- both particles structureless 
object

muonium spectroscopy

calculation at higher order than for 
hydrogen isotopes

➡ ΔνHFS as a precise measurement of α

➡ CPT tests with ν12 ,ν34

All these limited by statistics...
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FIG. 1. Breit-Rabi energy level diagram of ground state
muonium. At high fields, the indicated transitions, ν12 and
ν34 are essentially muon spin flip transitions.
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FIG. 2. Muonium resonance lines (data and fit) for ν12

taken using magnetic field sweep on the left, and microwave
frequency sweep on the right, for muonium atoms which have
decayed in selected time intervals after formation.

FIG. 3. Two years of data on ν12 and ν34 are shown binned
versus sidereal time and fit for a possible sinusoidal variation.
The amplitudes are consistent with zero.

FIG. 4. Two years of data on ν12-ν34 and ν12 + ν34 = ∆ν

are shown binned versus sidereal time and fit for a possible
sinusoidal variation. The amplitudes are consistent with zero.
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CRAZY UNCLE IN THE TREE
Free fall of the muon

➡study the gravitational pull on fundamental particles

➡50Å for 20 out of 1010 muons

➡1μK to win over thermal motion

μ+μ- atom

➡substantially higher weak effects than in other system

➡how to make it (low xsection)

• μ-+(μ+e-)->(μ+μ-)+e-

15
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... AND THE REST

 muon catalyzed fusion

 muonic atoms

 radioactive muonic atoms

 muon spin rotation and muon spin resonance
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CONCLUSIONS

 Next(++) generation of muon experiments require a large 
statistics muon sample

 There is a plethora of physics topics that can be addressed 
using low energy and stopped muons

 Project X can be the place to do the next large set of muon 
experiments and continue a long tradition in muon physics

 We still don’t know who ordered that
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